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The purpose of t h i s  paper  i s  t o  d i s c u s s  sev-  
e r a  1  commonly encountered  problems a s s o c i a t e d  wi th  
a t t e m p t s  to  a i r  c o n d i t i o n  b u i l d i n g s  i n  the  humid 
environment.  I t ,  f i r s t ,  r e p o r t s  o b s e r v a t i o n s  made 
i n  the  cou r se  of s t u d y i n g  the  a i r  c o n d i t i o n i n g  
sys  terns i n  app rox ima te ly  one hundred b u i l d i n g s  a t  
USMC Camp Smedley D .  B u t l e r  i n  Okinawa, J apan .  
Three common problems a r e  then d i scussed  i n  some 
d e t a i l .  
I t  was found t h a t  i n  many cases  humidity con- 
s i d e r a  t i o n s  lead  t o  s i t u a t i o n s  which were energy 
w a s t e f u l .  I n  many i n s t a n c e s  t h i s  could be a t t r i -  
buted  to  e i t h e r  des ign  o r  o p e r a t i o n a l  e r r o r s .  The 
most common e r r o r  found was the  s e l e c t i o n  of a n  
improper method of c a p a c i t y  c o n t r o l .  Methods of 
improved c a p a c i t y  c o n t r o l  a r e  sugges ted  and t h e  
need f o r  a d d i t i o n a l  work i s  po in t ed  o u t .  
INTRODUCTION 
During the  summers of 1983 and 1984 Engi- 
nee r ing  Sc i ences ,  Inc. pe r sonne l  performed f i e l d  
su rveys  of app rox ima te ly  one hundred b u i l d i n g s  a t  
USMC Camp Smedley D. B u t l e r  i n  Okinawa, J apan  
under a  c o n t r a c t  w i t h  t h e  P a c i f i c  D iv i s ion  of t he  
Naval F a c i l i t i e s  Eng inee r ing  Command. The purpose 
of t h i s  c o n t r a c t  was t o  i d e n t i f y  d e f i c i e n c i e s  i n  
the a i r  c o n d i t i o n i n g  equipment  which a f f e c t s  i t s  
energy consumption and i t s  a b i l i t y  to  provide  t h e  
r e q u i r e d  space  cond i t i ons .  
The f i r s t  s t e p  i n  t h i s  p roces s  was to  perform 
a  r a t h e r  e x t e n s i v e  f i e l d  t e s t  of t h e  a i r  condi-  
t i o n i n g  equipment  and i t s  c o n t r o l s .  The ESI f i e l d  
survey team measured a l l  p e r t i n e n t  o p e r a t i n g  v a r i -  
a b l e s  (e.g., a i r  f l ows ,  d r y  and wet bulb  a i r  tem- 
p e r a t u r e s ,  a i r  s t a t i c  p r e s s u r e s ,  wa te r  f l ows ,  
wa t e r / r e f  r i g e r a n t  t e m p e r a t u r e s ,  wa te r  p r e s s u r e  
drops ,  a l l  a p p r o p r i a t e  motor e l e c t r i c a l  d a t a ,  
etc.). A l l  c o n t r o l  equipment  was e x e r c i s e d  o v e r  
i t s  e n t i r e  range of mot ion and r ead ings  r e t a k e n  
f o r  a l l  v a r i a b l e s .  I n  a d d i t i o n  d ry  and wet  bu lb  
a i r  t empera tu re s  were  taken throughout  t he  con- 
d i t i o n e d  spaces  and a  thorough v i s u a l  i n s p e c t i o n  
made of t h e  equipment  and t h e  spaces  t h a t  i t  
served. More s p e c i f i c a l l y ,  s u f f i c i e n t  eng inee r -  
ing  d a t a  was c o l l e c t e d  t o  a l l o w  the  c a l c u l a t i o n  
of t he rma l  l oads  f o r  t h e  bu i ld ings .  
Using the  d a t a  c o l l e c t e d  the  o p e r a t i n g  p o i n t  
f o r  each p i ece  of equipment  was i d e n t i f i e d  and used 
to s p e c i f y  the  o p e r a t i n g  p o i n t  of t he  e n t i r e  a i r  
c o n d i t i o n i n g  sys tem a t  t he  t ime  of the  survey. 
From knowledge of t he  ambien t  c o n d i t i o n s  and load-  
ing  a t  t h e  t ime  of the  survey,  i t  was p o s s i b l e  to  
p r e d i c t  the  performance of t he  equipment a t  des ign  
c o n d i t i o n s  and a t  t h e  v a r i o u s  p a r t  load c o n d i t i o n s  
t h a t  i t  w i l l  expe r i ence  du r ing  the  c o u r s e  of a  , 
year .  (Th i s  was p o s s i b l e  through t h e  u s e  of a  
number of computer r o u t i n e s  t h a t  ESI has  developed 
f o r  t h i s  purpose.) 
Having analyzed the  s y s t e m s  i n  t h i s  f a s h i o n ,  
d e f i c i e n c i e s  ( i n  des ign  a n d / o r  c o n d i t i o n )  which 
cause  them t o  f a i l  t o  perform t h e i r  d e s i r e d  func -  
t i o n  i n  an  e f f i c i e n t  manner could  be i d e n t i f i e d .  
Recommendations were then made to  c o r r e c t  t h e s e  
problems and s u p p o r t i n g  c a l c u l a t i o n s  performed t o  
a s s e s s  t h e  economic a t t r a c t i v e n e s s  of each i n v e s t -  
men t . 
As expec ted ,  many of t he  p rob lems  observed i n  
t he  c o u r s e  of t h e  work were  humid i ty  r e l a t e d .  Th i s  
i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  Okinawa i s  a  ve ry  
humid environment .  Ambient des ign  c o n d i t i o n s  (2.5 
%) a r e  8 8 / 8 0  <OF/OF). As a  r e s u l t  c o i l s  w i l l  f r e -  
q u e n t l y  s e e  l oads  which a r e  a t  l e a s  t h a l f  l a t e n t .  
Under t h e s e  c o n d i t i o n s  eve ry  t h i n g  must be c l o s e  to  
p e r f e c t  t o  avo id  humid i ty  r e l a t e d  problems. Unfor- 
tuna t e l y  t he  o p p o r t u n i t y  e x i s t e d  to  obse rve  numer- 
ous such problems. 
Although t h e r e  a r e  many d i f f e r e n t  t ypes  o f  
humid i ty  problems t h a t  can occu r ,  t hose  most  cob-  
monly found i n  Okinawa were:  
1. Condensat ion  d u r i n g  normal  s y s  tern opere-  
t ion .  I t  was f r e q u e n t l y  found t h a t  m o i s t u r e  i n  
the  room a i r  would  c o n d e n s e  on c o l d  s u r f a c e s  
around s u p p l y  a i r  d i f f u s e r s  d u r i n g  no rma l  ope ra -  
t i o n  of t h e  system. D i r e c t  ev idence  of t h i s  was 
s i m p l y  t h e  presence  of m o i s t u r e  on t h e s e  s u r f a c e s  
a t  t h e  t i m e  of i n s p e c t i o n .  I n d i r e c t  ev idence  i n -  
c luded  a  number of c a s e s  where t h e  d i f f u s e r s  and 
su r round ing  c e i l i n g  m a t e r i a l  was d i s c o l o r e d  and 
corroded.  Occupants i n  t h e s e  s p a c e s  r e p o r t e d  
t h a t ,  a t  t imes ,  i t  L i t e r a l l y  " ra ined"  from the  
supp ly  a i r  d i f f u s e r s .  Poor c o m f o r t  c o n d i t i o n s  
and s i g n i f i c a n t  p rope r ty  damage were common. 
2. Condensat ion  on w a l l s ,  f l o o r s ,  e t c .  a t  
t he  t ime  of shutdown of equipment .  I n  s e v e r a l  
c a s e s  i t  was found t h a t  m o i s t u r e  from t h e  room a i r  
would condense on w a l l s  and f l o o r s  when t h e  occu- 
p a n t s  a t t e m p t e d  to  s h u t  t h e  equipment  o f f  d u r i n g  
an unoccupied per iod.  T h i s  problem was l e s s  com- 
mon b u t  v e r y  s e r i o u s  i n  t h a t  t h e  r e sponse  had been 
t o  d i s c o n t i n u e  shutdown and o p e r a t e  t he  equ ipmen t  
w i t h o u t  r ega rd  to  occupancy. The obvious  r e s u l t  
was a  g r e a t  energy waste.  
3. Condensat ion  on d i f f u s e r s  a t  t he  t ime  o f  
s t a r t u p  a f t e r  shutdown. I t  was f r e q u e n t l y  r e -  
p o r t e d  t h a t  unoccupied shutdown had been d i scon-  
t i nued  because ,  upon r e s t a r t i n g ,  m o i s t u r e  would 
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condense on t h e  d i f f u s e r s  and cause  p rope r ty  dam- 
age. This  c o n d i t i o n  was v e r i f i e d  by the  f i e l d  
team. Again the  r e s u l t  was t h a t  shutdown was f o r -  
f e i t e d  and t h e  equipment  o p e r a t e d  con t inuous ly  
wi thou t  regard  t o  occupancy. As be fo re ,  t h i s  
caused c o n s i d e r a b l e  w a s t e  of energy. 
Th i s  paper w i l l  c o n c e n t r a t e  e x c l u s i v e l y  on 
these  t h r e e  i ssues .  P r imary  a t t e n t i o n  w i l l  be 
g iven to  the  problems a s s o c i a t e d  wi th  condensat ion  
d u r i n g  normal  o p e r a t i o n  (No. 1). No. 2 and No. 3 
w i l l  be d i scussed  i n  g e n e r a l  t e rms  and recommenda- 
t i o n s  made. Th i s  i s  n o t  meant t o  minimize  the  
myriad of o t h e r  humid i ty  r e l a t e d  i s s u e s  which a f -  
f e c t  b u i l d i n g s  i n  t h e s e  c l i m a t e s .  The f i e l d  i s  
w e l l  developed and much has  been w r i t t e n .  
I t  should  a l s o  be po in t ed  o u t  t h a t  t h e r e  a r e  
a  number of des ign  i s s u e s  which can tend t o  i n -  
c r e a s e  the  s e v e r i t y  of t he  above t h r e e  problems. 
These w i l l  be mentioned o n l y  b r i e f l y :  
1. C h i l l e d  wa te r  t empera tu re s  a r e  f r e q u e n t l y  
found t o  be e l e v a t e d  f o r  t h e  sake  of energy con- 
s e r v a t i o n .  I n  a d d i t i o n  t o  be ing a  poor way of 
s av ing  energy, t h i s  w i l l  u s u a l l y  r e s u l t  i n  a  l o s s  
of l a t e n t  c a p a c i t y  and a  l o s s  of humid i ty  c o n t r o l  
i n  t h e  space.  ( F i g u r e  1  shows the  e f f e c t  of en- 
t e r i n g  c h i l l e d  w a t e r  t empera tu re  on t h e  s e n s i b l e  
and l a t e n t  c a p a c i t i e s  of a  t y p i c a l  coi l . )  C h i l l e d  
wa te r  t empera tu re s  i n  humid c l i m a t e s  should  be 
k e p t  a s  low a s  poss ib l e .  
2. V e n t i l a t i o n  a i r  brought  i n  through t h e  
a i r  handl ing  u n i t  i s  o f t e n  reduced t o  save  energy. 
Unfo r tuna te ly  t h i s  i s  u s u a l l y  done wi thou t  a  co r -  
responding r e d u c t i o n  i n  exhaus t  a i r .  As a  r e s u l t  
p r e s s u r i z a t i o n  i s  l o s t  and i n f i l t r a t i o n  i s  i n -  
creased.  In  a  humid c l i m a t e  t h i s  is p a r t i c u l a r l y  
bad because the  i n f i l t r a t i n g  a i r  b r i n g s  a  h igh  
moi s tu re  load d i r e c t l y  i n t o  t he  condi t ioned space ,  
r a i s i n g  t h e  room dew po in t .  (F igu re  2 shows t h e  
change i n  room c o n d i t i o n  due t o  the  exchange of 
v e n t i l a t i o n  a i r  f o r  a n  e q u i v a l e n t  amount o f  i n f  il- 
t r a t i on . )  A l l  s paces  should  be p re s su r i zed  w i t h  
cond i t i oned  o u t s i d e  a i r .  
3. Most of t he  b u i l d i n g s  i n spec t ed  were ve ry  
"loose" and expe r i enced  a  h igh  r a t e  of i n f i l t r a -  
t i on .  I n  some c a s e s  t h e r e  was even a  des ign  ten-  
dency t o  encourage  " f r e s h  air".  (F igu re  3 shows 
the  e q u i l i b r i u m  room c o n d i t i o n s  f o r  v a r i o u s  
amounts of i n f i l t r a t i o n . )  Every e f f o r t  should  be 
made t o  make the  spaces  a s  t i g h t  a s  p o s s i b l e  t o  
minimize  t h e  amount of m o i s t u r e  brought  d i r e c t l y  
i n t o  t he  space .  
4. I n  many c a s e s  i t  was found t h a t  c o o l i n g  
c o i l s  had n o t  been s e l e c t e d  w i t h  proper  care.  
Most o f t e n  t h i s  meant t h a t  t h e  c o i l  was s e l e c t e d  
w i t h o u t  c o n s i d e r a t i o n  of l i k e l y  p a r t  load condi-  
t i ons .  A l l  c o i l s  should  be checked f o r  p e r f o r -  
mance under t he  e n t i r e  range o f  c o n d i t i o n s  they 
may be s u b j e c t e d  to. 
CONDENSATION ON DIFFUSERS D U R I N G  NORMAL OPERATION 
Na tu re  of the  Problem 
Probab ly  the  most common problem observed in  
Okinawa was the  condensat ion  of m o i s t u r e  on supply  
a i r  d i f f u s e r s .  F igu re  4 shows a  t y p i c a l  c e i l i n g  
d i f f u s e r .  Condensation o c c u r s  when warm, m o i s t  
a i r  comes i n t o  c o n t a c t  w i t h  a  s o l i d  o b j e c t  having 
a  s u r f a c e  t empera tu re  below i t s  dew point .  
T h i s  can  occur  i n  s e v e r a l  ways. The f i r s t  
p o s s i b l i t y  concerns modula t ing  type  c o n t r o l  sys -  
tems. With these  sys t ems  one does  n o t  n o r m a l l y  
s e e  a sudden change i n  t he  c o n d i t i o n  of t h e  supp ly  
a i r  be ing  d i scha rged  a t  t h e  d i f f u s e r .  I n  t h l s  
c a s e  t h e  p r imary  mechanism f o r  condensa t ion  i s  t he  
i n d u c t i o n  of room a i r .  Moi s t  room a i r  i s  induced 
t o  f l ow a l o n g  the  c e i l i n g  and ove r  the  o u t e r  
c a s i n g  o f  t he  d i f f u s e r .  The c e i l i n g  and d i f f u s e r  
c a s i n g  a r e  cooled by both  conduc t ion  and the  e f -  
f e c t  o f  a i r  leaked a t  t h e  connector .  
A s  one migh t  imagine,  t h i s  is  a  ve ry  geometry  
s p e c i f i c  phenomenon. I t  i s  a  w e l l  known f a c t  t h a t  
i n  most ca ses  one can supp ly  a i r  a t  some tempera- 
t u r e  below t h e  room dew p o i n t  w i t h o u t  condensa t ion  
occu r r ing .  But, to  ou r  knowledge, no one has  
e x p e r i m e n t a l l y  o r  a n a l y t i c a l l y  q u a n t i f i e d  t h e  
a l l o w a b l e  t empera tu re  dep res s ion .  (Somewhere i n  
t h e  r a n g e  of 5-OF t o  ?OF i s  g e n e r a l l y  f e l t  t o  be  
accep tab le .  Th i s  has ,  indeed,  been conf i rmed by 
ESI ' s  o b s e r v a t i o n s  i n  Okinawa.) 
There  does seem t o  be  a  marked d i f f e r e n c e  i n  
t he  tendency of d i f f e r e n t  d i f f u s e r  des igns  t o  ex- 
p e r i e n c e  condensa t ion  problems when s u b j e c t e d  t o  
t he  same supp ly  a i r / dew p o i n t  dep res s ion .  Again,  
t o  o u r  knowledge, no one has  succeeded e i t h e r  ex- 
p e r i m e n t a l l y  o r  a n a l y t i c a l l y  i n  g i v i n g  more than  
q u a l i t a t i v e  gu ides  f o r  s e l e c t i o n  of d i f f u s e r s  f o r  
t h i s  t ype  of s e rv i ce .  I t  is g e n e r a l l y  agreed t h a t  
t h e  s m a l l e r  t he  o u t e r  c a s i n g  ( t o  a c t  a s  a  f i n )  and 
the  lower  t h e  a i r  v e l o c i t y  ( t o  induce  a  room a i r  
f l o w )  t h e  b e t t e r .  Some have sugges t ed  t h a t  p l a s t i c  
d i f f u s e r s  would be worse conduc to r s  and, hence ,  
b e t t e r .  The v a l i d i t y  of t h e  o u t e r  c a s i n g  f a c t o r  
was v e r i f i e d  by the  f i e l d  work i n  Okinawa. The 
types  of d i f f u s e r s  which seemed t o  be most suscep-  
t i b l e  t o  t h i s  problem had l a r g e  m e t a l  o u t e r  r i n g s  
su r round ing  them. 
I n  many cases  where problems were  observed 
the  cause  was found t o  be a i r  l e a k s  i n  t he  f l e x i -  
b l e  connec to r .  Th i s  seems t o  be  of c r i t i c a l  i m -  
po r t ance  i n  t hese  c l i m a t e s .  (The s e p a r a t e ,  b u t  
r e l a t e d  problem, of m o i s t u r e  condensa t ion  i n s i d e  
d u c t  i n s u l a t i o n  was a l s o  commonly found and f r e -  
q u e n t l y  a s s o c i a t e d  w i t h  a i r  leakage.)  
Method of Capac i ty  Con t ro l  
By f a r  t h e  most i m p o r t a n t  f a c t o r  i n f l u e n c i n g  
the  f o r m a t i o n  of condensa t ion  was found t o  be t h e  
method o f  c a p a c i t y  c o n t r o l  employed. One c o n t r o l  
which was f r e q u e n t l y  found on s m a l l e r  DX sys t ems  
was t o  c l o s e  a  r e f r i g e r a n t  s o l e n o i d  i n  r e sponse  
t o  s a t i s f a c t i o n  of a  room o r  r e t u r n  a i r  t he rmos ta t .  
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Genera l ly  t h e  a i r  hand l ing  u n i t  f a n  was a l l o w e d  
t o  run cont inuously .  Much has  been w r i t t e n  of t he  
e f f e c t s  of  reevapora  t i o n  on room humidi ty  r a t i o  
i n  c o n t r o l  sys t ems  of t h i s  type (1). An add i -  
t i o n a l  problem can be s e e n  when one c o n s i d e r s  t h a t  
t he  a i r  hand l ing  u n i t  beg ins  t o  send an  uncondi- 
t ioned m i x t u r e  of r e t u r n e d  room a i r  and o u t s i d e  
v e n t i l a t i o n  a i r  through d u c t s  and a c r o s s  d i f f u s e r s  
which were ,  moments b e f o r e ,  cooled  by cold  supp ly  
a i r .  Obse rva t ions  of c e i l i n g  s t a i n s  and r u s t e d  
d i f f u s e r s  r e i n f o r c e d  t h e  c a s e s  where a c t u a l  con- 
d e n s a t i o n  fo rma t ion  o f  t h i s  t ype  was observed. 
S p e i l v o g e l  con f i rms  t h e s e  o b s e r v a t i o n s  i n  an 
e a r l i e r  s t u d y  a l s o  performed f o r  t he  Navy (2). 
The impac t  of t h e  method o f  c a p a c i t y  c o n t r o l  
on condensa t ion  is somewhat more s u b t l e  f o r  modu- 
l a t i n g  types  of c o n t r o l .  I t  can  be reduced t o  t h e  
f o l l o w i n g  two i s s u e s :  1 )  How w e l l  i s  t he  room 
humid i ty  c o n t r o l l e d ?  2) How does supp ly  a i r  d r y  
bu lb  t empera tu re  va ry  w i t h  load?  The f i r s t  i s s u e  
w i l l  d i c t a t e  t h e  room a i r ' s  dew p o i n t  and t h e  
second d e t e r m i n e s  t h e  t e m p e r a t u r e  d e p r e s s i o n  a s  a  
f u n c t i o n  of load.  
A l l  methods of modula t ing  c a p a c i t y  c o n t r o l  
can be thought  of a s  v a r i a t i o n s  o f  two b a s i c  
methods. The f i r s t  is t o  d e c r e a s e  t h e  amount 
o f  w a t e r  a l l owed  t o  f low through t h e  c o i l .  T h i s  
causes  t he  e f f e c t i v e  t empera tu re  of the  c o i l  t o  
r i s e  and hence l e s s  h e a t  t r a n s f e r  occurs .  The 
second i s  to  d e c r e a s e  t h e  amount of a i r  f l o w i n g  
through t h e  c o i l .  T h i s  a l s o  r educes  t he  amount 
of h e a t  t r a n s f e r .  ( A c t u a l l y  t h e r e  is  a  t h i r d  
p o s s i b i l i t y .  One could  v a r y  t h e  t empera tu re  o f  
the  wa te r  e n t e r i n g  t h e  c o i l  b u t ,  a s  has a l r e a d y  
been s h o r n ,  t h i s  has  u n d e s i r h b l e  consequences and 
is  n o t  g e n e r a l l y  found.) 
Be fo re  d i s c u s s i n g  each of t hese ,  some c o n s i -  
d e r a t i o n  should  be g iven  t o  l i k e l y  p a r t  load con- 
d i t i o n s .  I t  has been g e n e r a l l y  found t h a t  t h e  
c o i l  s e n s i b l e  h e a t  r a t i o  r e q u i r e d  f o r  most common 
p a r t  load c o n d i t i o n s  is l o w e r  than t h a t  r e q u i r e d  
a t  des ign  cond i t i ons .  T h i s  tendency is p a r t i c u -  
l a r l y  t r u e  i n  humid c l i m a t e s  such a s  Okinawa. 
Consider  a  ca se  which was found t o  be  problem 
prone. Mess h a l l s  t y p i c a l l y  have l a r g e  i n t e r n a l  
l oads  due  t o  peop le  and food s e r v i c e .  Suppose 
t h a t  an  a i r  c o n d i t i o n i n g  sys t em has been des igned 
t o  s a t i s f y  t h e  load when t h e  ambien t  is 88/80 
i°F/OF). T h e r e  w i l l ,  o f  c o u r s e ,  be  a  s o l a r  l o a d  
inc luded i n  t h e  d e s i g n  c a l c u l a t i o n s .  A p a r t  load 
c o n d i t i o n  f r e q u e n t l y  encoun te red  is  t h a t  o f  a  
r a i n y  day d u r i n g  t h e  d e s i g n  month. Observat ion  
has shown t h a t  t he  a m b i e n t  humid i ty  r a t i o  r ema ins  
r e l a t i v e l y  cons t e n t  throughout  any g iven  day. (The 
r e l a t i v e  humid i ty  is i n v e r s e l y  r e l a t e d  t o  t h e  d r y  
bu lb  temperature.)  On a  r a i n y  day the  a m b i e n t  
d r y  bu lb  migh t  go t o  80-OF b u t  t h e  wet  bu lb  migh t  
w e l l  be  a s  h i g h  a s  78-OF. The l a t e n t  l o a d  d u e  t o  
v e n t i l a t i o n  and i n f i l t r a t i o n  a i r  i s  unchanged b u t  
t he  s e n s i b l e  load has  been reduced 80%. The s o l a r  
load ( a l l  s e n s i b l e )  i s  reduced t o  zero. The i n -  
t e r n a l  peop le  and food s e r v i c e  load is  unchanged. 
The n e t  r e s u l t  of a l l  of t h i s  i s  t h a t  the  s e n s i b l e  
h e a t  r a t i o  r e q u i r e d  o f  t h e  c o i l  i s  d imin i shed  
s u b s t a n t i a l l y .  Th i s  is, a d m i t t e d l y ,  an  ex t r eme  
c a s e  b u t  t h e  same g e n e r a l  tendency i s  seen i n  a  
v a r i e t y  of b u i l d i n g  types.  
A computer  program h a s  been developed which 
is  u s e f u l  i n  p r e d i c t i n g  t h e  performance o f  a  g i v e n  
c o i l  under  v a r i o u s  l oad ing  c o n d i t i o n s .  T h i s  p ro -  
gram i s  based upon p r i n c i p l e s  d e s c r i b e d  by Nuss- 
baum b u t  u ses  known performance a t  one  s e t  of 
c o n d i t i o n s  t o  de t e rmine  e m p i r i c a l l y  those  con- 
s t a n t s  which d e t e r m i n e  i t s  performance a t  o t h e r  
c o n d i t i o n s  (3). I n  t h i s  manner one can i n p u t  one 
known o p e r a t i n g  p o i n t  and p r e d i c t  how the  c o i l  
w i l l  behave under  any o t h e r  s e t  of c i r cums tances .  
Th i s  program has  been used e x t e n s i v e l y  i n  t h e  
f  01 lowing manner. 
F i g u r e  5 shows the  performance of a  t y p i c a l  
c h i l l e d  w a t e r  c o i l  through which the  w a t e r  f l o w  i s  
v a r i e d .  The p l o t  shows t h a t  t h e  l a t e n t  c a p a c i t y  
f a l l s  o f f  much f a s t e r  than t h e  s e n s i b l e  c a p a c i t y .  
Th i s  is j u s t  t h e  o p p o s i t e  o f  what  is d e s i r e d  and 
t h e  r e s u l t  w i l l  be  t h a t  t h e  room h u m i d i t y  and dew 
p o i n t  w i l l  i n c r e a s e  a t  p a r t  load c o n d i t i o n s .  The 
t e m p e r a t u r e  of t he  supp ly  a i r  i n c r e a s e s  a s  t h e  
c a p a c i t y  dec reases .  Th i s  i s  a  v e r y  d e s i r a b l e  
c h a r a c t e r i s t i c  i n  t r y i n g  t o  avo id  condensat ion .  
F i g u r e  6 p r e s e n t s  t he  same i n f o r m a t i o n  f o r  
t he  c a s e  where t h e  a i r  f l ow i s  va r i ed .  The c o i l  
i s  u n c o n t r o l l e d  i n  t h i s  case .  One can s e e  t h a t  
t h e  s e n s i b l e  c a p a c i t y  f a l l s  f a s t e r  t han  t h e  l a t e n t  
r e s u l t i n g  i n  a  lower  s e n s i b l e  h e a t  r a t i o  a t  p a r t  
loads .  T h i s  i s  a s - o n e  would want. But n o t i c e  
t h a t  t h e  s u p p l y  a i r  t empera tu re  f a l l s  ve ry  r a p i d l y  
a s  t h e  load i s  decreased.  I f  t h e  room dew p o i n t  
were t o  r ema in  r e l a t i v e l y  c o n s t a n t  a t  63 OF (78-OF 
w i t h  r e l a t i v e  humid i ty  o f  60% a s  Navy d e s i g n  c r i -  
t e r i a  r e q u i r e s )  t h e  d e p r e s s i o n  o f  t h e  t e m p e r a t u r e  
of t h e  supp ly  a i r  below dew p o i n t  would i n c r e a s e  
r a p i d l y  and condensa t ion  would be exper ienced.  
(One might  a t t e m p t  t o  s o l v e  t h i s  d e f i c i e n c y  by 
con t r o l l i n g  t h e  s u p p l y  a i r  d i s c h a r g e  t e m p e r a t u r e  
w i t h  a  v a l v e  on t h e  c h i l l e d  w a t e r  l i n e  b u t  i t  can 
be  shown t h a t  t h i s  immed ia t e ly  beg ins  t o  d i s p l a y  
t h e  s e n s i b l e  h e a t  r a t i o  i n c r e a s e  found w i t h  t h e  
c h i l l e d  w a t e r  v a l v e  method d i s c u s s e d  above.) 
F i g u r e  7 shows what is  commonly r e f e r r e d  t o  
a s  f a c e  and bypass  c o n t r o l .  T h i s  i s ,  however,  
n o t h i n g  more than v a r i a b l e  a i r  f l o w  through the  
c o i l  i n  which t h e  a i r  n o t  p u t  through the  c o i l  i s  
bypassed and mixed back w i t h  t h a t  which h a s  been 
coo led  and dehumidif ied .  I n  f a c t ,  t h e  h e a t  t r a n s -  
f e r  is  e x a c t l y  t h e  same a s  t h e  c a s e  d i s c u s s e d  f o r  
v a r i a b l e  a i r  f low. The s e n s i b l e  h e a t  r a t i o  f a l l s  
i n  t h e  same way t h a t  i t  d i d  (and a s  is des i r ed ) .  
The s u p p l y  a i r  t e m p e r a t u r e ,  however,  r i s e s  q u i c k l y  
a s  t h e  l oad  is  reduced. T h i s  s o l v e s  t h e  problem 
of i n c r e a s i n g  d e p r e s s i o n  and a v o i d s  t h e  p o t e n t i a l  
f o r  c o n d e n s a t i o n  problems found w i t h  t h e  v a r i a b l e  
a i r  f l o w  sys tem.  
As c a n  be s e e n  t h e  s u p p l y  a i r  t e m p e r a t u r e  f o r  
t h e  f a c e  and bypass  sys t em r i s e s  much f a s t e r  t han  
is  neces sa ry .  T h i s  s u g g e s t s  t h e  p o s s i b i l i t y  of 
combining t h e  f a c e  and bypass  w i t h  t h e  v a r i a b l e  
a i r  volume sys tem (F igu re  8). The f a n  speed migh t  
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be modulated by a  v a r i a b l e  f requency d r i v e  which 
i s  c o n t r o l l e d  by a  room the rmos ta t .  The f a c e  and 
bypass dampers could then be c o n t r o l l e d  t o  a c h i e v e  
a  f i xed  d i s c h a r g e  a i r  tempera ture .  Th i s  would 
make i t  p o s s i b l e  t o  a c h i e v e  the  f a n  sav ings  a v a i l -  
a b l e  w i t h  a  v a r i a b l e  a i r  volume sys tem w i t h o u t  t h e  
o b j e c t i o n a b l e  drop i n  d i s c h a r g e  a i r  t empera tu re  
and wi th  the  f a l l i n g  s e n s i b l e  h e a t  r a t i o  c h a r a c t e r -  
i s t i c  of t he  f a c e  and bypass  system. Although 
seeming t o  hold promise ,  t h i s  sys tem has  n o t  y e t  
been i n v e s t i g a t e d  i n  depth .  
From t h e s e  p l o t s  t h e  impac t  of o v e r s i z i n g  
c h i l l e d  w a t e r  s y s t e m s  can  be c l e a r l y  seen. Where 
a  c h i l l e d  w a t e r  v a l v e  o r  v a r i a b l e  a i r  volume sys-  
tem has  been used,  t he  sys tem w i l l  a lways  be 
o p e r a t i n g  a t  low p a r t  l oads  and w i l l  tend t o  
expe r i ence  e i t h e r  l o s s  of humid i ty  c o n t r o l  o r  
condensat ion  problems. 
F igu res  9  and 10 summarize t he  i n f o r m a t i o n  
f o r  t h e  t h r e e  c o n t r o l  methods d iscussed.  One can 
s e e  from F igu re  9 t h a t  t h e  c h i l l e d  wa te r  v a l v e  
c o n t r o l  should  be e l i m i n a t e d  because of i t s  s e n s i -  
b l e  h e a t  r a t i o  c h a r a c t e r i s t i c  and from F igu re  LO 
one can s e e  t h a t  t h e  v a r i a b l e  a i r  f low should  be 
e l i m i n a t e d  because  of i t s  supp ly  a i r  t empera tu re  
c h a r a c t e r i s  t i c .  Only t h e  f a c e  and bypass  remains  
a s  a  v i a b l e  method of module t i n g  c o n t r o l  under 
ex t r emes  of humidity.  
The n e x t  s t e p  i s  t o  look a t  t he  dynamic i n -  
t e r a c t i o n  of the  room loads  w i t h  t he  c o i l  and i t s  
method of c a p a c i t y  c o n t r o l .  The same c o i l  model 
desc r ibed  e a r l i e r  has  been inco rpo ra t ed  i n  a  room 
s i m u l a t i o n  program t o  do t h i s .  The c h i l l e d  w a t e r  
v a l v e  program, f o r  i n s t a n c e ,  a d j u s t s  t he  wa te r  
f low through the  c o i l  i n  response  t o  t he  room d r y  
b u l b  t empera tu re  (assuming l i n e a r  p o r p o r t i o n a l  
c o n t r o l )  u n t i l  t h e  s e n s i b l e  coo l ing  being done by 
the  c o i l  i s  ba lanced by the  loads  on the  space.  
I t  then o u t p u t s  a l l  of t h e  p e r t i n e n t  d a t a  (e.g., 
d ry /we t  bu lb  temps f o r  room and supply  a i r  a s  
w e l l  a s  room and c o i l  l oads ,  etc.). 
F igures  1 1  and 12 show t h e  e q u i l i b r i u m  room 
c o n d i t i o n s  which would be reached f o r  a  t y p i c a l  
b u i l d i n g  a t  some commonly found p a r t  load condi-  
t i o n s  f o r  t he  c h i l l e d  w a t e r  va lve  and f a c e  and 
bypass c o n t r o l  sys t ems  r e s p e c t i v e l y .  As can be 
seen,  t h e  room i s  s l i g h t l y  o u t s i d e  t h e  ASHRAE 
comfor t  r eg ion  a t  des ign  cond i t i ons .  Th i s  r e s u l t s  
from a  s l i g h t  o v e r s i z i n g  of t h e  c o i l .  (One should  
n o t e  t h a t  t h e  Navy des ign  c r i t e r i a  of 78-OF and 
60% r e l a t i v e  humid i ty  c o n t r o l l e d  by a  t h e r m o s t a t  
s e t  a t  78-OF a n d  a 4-OF t h r o t t l i n g  r a n g e  w i l l ,  i n  
f a c t ,  g i v e  c o n d i t i o n s  s l i g h t l y  o u t s i d e  the  comfor t  
zone. ) 
The 8 0 / 7 8  (OF/OF) a m b i e n t  i s  s e e n  t o  be  a  
problem f o r  bo th  methods of c o n t r o l .  The room 
r e l a t i v e  humid i ty  has  d r i f t e d  up and the  dewpoints  
a r e  68.2-OF and  66.5-OF r e s p e c t i v e l y .  The 75 /69  
and 70/65 g°F/OF) ambien t s  a r e  t y p i c a l  f o r  s p r i n g  
and f a l l  i n  Okinawa. As can be seen the  f a c e  and 
bypass sys tem can s e r v e  bo th  of t hese  loads  w e l l  
b u t  t h e  c h i l l e d  w a t e r  v a l v e  s t i l l  cannot  m a i n t a i n  
humidi ty  c o n t r o l .  The f i n a l  d a t a  p o i n t  r e p r e s e n t s  
what was commonly found t o  be the  o c c u p a n t ' s  r e -  
sponse  t o  an  uncomfor table  c o n d i t i o n  (i.e., low- 
e r i n g  t h e  t h e r m o s t a t  t o  72-OF). Both s y s t e m s  g i v e  
room c o n d i t i o n s  w i t h i n  t he  c o m f o r t  zone. The 
lower  room t empera tu re  has  r e s u l t e d  i n  an i n c r e a s e  
i n  c o i l  load of app rox ima te ly  18%. A l l  of t h e s e  
f i n d i n g s  a r e  c o n s i s t e n t  w i t h  what was observed i n  
t he  b u i l d i n g s  i n  Okinawa. The r e s u l t s  were f r e -  
q u e n t l y  masked by the  f a c t  t h a t  t he  c h i l l e d  w a t e r  
t empera tu re  had been r a i s e d  from 45-OF t o  55 -OF. 
As s e e n  h e r e ,  t h e  occupants  would then  g e n e r a l l y  
l o w e r  t h e  room t h e r m o s t a t  t o  68-OF o r  70-OF. As a  
r e s u l t  l i t t l e  o r  no compressor  ene rgy  would a c t u -  
a l l y  be saved. The v a r i a b l e  a i r  f l ow c o n t r o l  sys-  
tem h a s  been excluded because  i t  g i v e s  supp ly  a i r  
t empera tu re s  10 t o  20-OF below t h e  room dew p o i n t s  
and i s ,  hence ,  unacceptable .  
La rge r  DX sys t ems  a r e  n o r m a l l y  found t o  have a  
s o l e n o i d  v a l v e  on the  r e f r i g e r a n t  l i n e  c o n t r o l l e d  
by a  room ( o r  r e t u r n  a i r )  t he rmos ta t .  There  w i l l  
f r e q u e n t l y  be a  h o r i z o n t a l l y  s p l i t  c o i l  w i t h  two 
s o l e n o i d s  c o n t r o l l e d  by a  two s t a g e  the rmos ta t .  
The f a n  i s  a l m o s t  a lways  run con t inuous ly .  A s  
mentioned e a r l i e r ,  t he se  sys t ems  g i v e  r a t h e r  poor 
humid i ty  c o n t r o l  due t o  r e e v a p o r a t i o n  and a r e  
prone t o  condense on t h e  d i f f u s e r s  d u r i n g  t h e  o f f  
cyc l e .  I f  one were t o  p l o t  room humid i ty  v e r s u s  
t ime  i t  would be found t o  c l i m b  upward d u r i n g  the  
o f f  c y c l e  and be brought  back down du r ing  t h e  on 
cycle .  F i e l d  measurements have shown t h a t  i t  w i l l  
remain  unaccep tab ly  h igh  throughout  bo th  pe r iods .  
T h i s  method of c o n t r o l  i s  n o t  recommended f o r  h igh  
humid i ty  environments .  
C o n t r o l  Recommenda t i o n s  
The method of c a p a c i t y  c o n t r o l  which was 
recommended f o r  most sys t ems  i n  Okinawa was on /o f f  
f a n  c o n t r o l .  The e x i s t i n g  s y s  tems were  g e n e r a l l y  
e i t h e r  c h i l l e d  wa te r  o r  r e f r i g e r a n t  s o l e n o i d  
v a l v e s  c o n t r o l l e d  by room t h e r m o s t a t s .  A l l  f a n s  
run  cont inuously .  F i g u r e s  13  and 14 show s i m p l e  
s c h e m a t i c s  f o r  c h i l l e d  w a t e r  and DX r e s p e c t i v e l y .  
For c h i l l e d  w a t e r  the  recommendation i s  t h a t  the  
c o i l  be a l l owed  t o  run w i l d  ( c h i l l e d  wa te r  v a l v e  
f i x e d  i n  t h e  f u l l y  open p o s i t i o n )  and t h e  a i r  
hand l ing  u n i t  f a n  cyc l ed  on and o f f  by t h e  room 
the rmos ta t .  The DX u n i t  could  c o n t i n u e  to  c l o s e  
t he  s o l e n o i d  va lve  b u t  would a l s o  s h u t  t he  f a n  o f f  
d u r i n g  t h e  o f f  cycle .  I n  t h i s  way t h e  c o i l s  would 
o p e r a t e  a t  f u l l  c a p a c i t y  whenever t hey  a r e  i n  t h e  
on c y c l e  and, hence, w i l l  b u i l d  t o  f u l l  l a t e n t  
c a p a c i t y  under a l l  loads.  K h a t t a r ,  Ramanan and 
Swami have shown t h a t  f o r  DX s y s t e m s  e x p e r i e n c i n g  
25% compressor  run  t ime ,  t h e  c y c l e d  f a n  w i l l  de- 
l i v e r  2.5 t imes  a s  much l a t e n t  c o o l i n g  a s  t h e  
c o n t i n u o u s l y  running f a n  (1). The compet ing op- 
t i o n s  were  forms o f  modu la t ing  c o n t r o l  (i.e., t he  
combina t ion  of v a r i a b l e  a i r  volume and f a c e  and 
bypass  which has  been d i scussed ) .  T h i s  would have 
r e q u i r e d  changing o u t  t h e  a i r  hand l ing  u n i t s .  The 
i n c r e m e n t a l  i nves tmen t  could  n o t  be j u s t i f i e d .  
These methods of c o n t r o l  have some ma jo r  
b e n e f i t s  b u t  a l s o  have some s e v e r e  l i m i t a t i o n s  
t h a t  must be addressed.  On t h e  b e n e f i t  s i d e ,  they 
a c h i e v e  f a n  s a v i n g s  which would n o t  o t h e r w i s e  be 
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poss ib l e .  Th i s  was found t o  be of major impor- 
tance  i n  most of t h e  Okinawa bu i ld ings .  Another 
b e n e f i t  i s  achieved due t o  t he  f a c t  t h a t  o u t s i d e  
a i r  i s  brought  i n  on ly  i n t e r m i t t e n t l y .  With many 
of t he  b u i l d i n g s  having h igh  (bu t  v a r i a b l e )  i n t e r -  
n a l  people  l oads ,  t h e  e f f e c t  i s  t o  run more when 
the  people  a r e  p r e s e n t  and, hence,  b r ing  i n  more 
o u t s i d e  a i r  p r e c i s e l y  when i t  i s  needed. (As men- 
t i oned  e a r l i e r ,  c a r e  must  be taken n o t  t o  nega- 
t i v e l y  p r e s s u r i z e  t h e  space.  Th i s  might r e q u i r e  
t h a t  a s s o c i a t e d  exhaus t  f a n s  be cycled  w i t h  t h e  
a i r  hand l ing  u n i t  fan.) The combined e f f e c t  of 
t hese  two i t e m s  i n  many c a s e s  amounted t o  a  v e r y  
s i g n i f i c a n t  energy sav ings  o v e r  the  e x i s t i n g  me- 
thod of c o n t r o l  w h i l e  a t  t he  same t ime improving 
comfor t  c o n d i t i o n s  i n  t he  space.  
By no means a r e  t h e s e  recommendations appro-  
p r i a t e  f o r  a l l  types  of spaces .  They were appro- 
p r i a t e  i n  Okinawa because  of a  combinat ion  of c i r -  
cumstances  which may, o r  may n o t ,  be commonly 
found. F i r s t ,  i f  i n t e r m i t t e n t  v e n t i l a t i o n  i s  n o t  
a c c e p t a b l e  some o t h e r  means of c o n t r o l  should be 
found. I t  should be po in t ed  o u t  t h a t  t he  e x i s t i n g  
cont inuous  o p e r a t i o n  of t h e  f a n s  on DX u n i t s  i s  
n o t  a c c e p t a b l e  i n  humid c l i m a t e s  due to  t he  con- 
d e n s a t i o n  problems commonly observed. (The re fo re  
i t  might  have o t h e r w i s e  been neces sa ry  t o  go t o  
some form of modula t ing  c o n t r o l .  T h i s  would have 
involved a  major  i n v e s t m e n t  i n  new a i r  hand l ing  
and p o s s i b l y  r e f r i g e r a t i o n  equipment.) Secondly,  
the  space  should  n o t  be s u b j e c t e d  t o  extended 
pe r iods  of ex t r eme ly  l i g h t  loads .  Under t hese  
c o n d i t i o n s  t h e  c o i l s  (and f a n s )  w i l l  c y c l e  t oo  
o f t e n  and p rope r  d e h u m i d i f i c a t i o n  w i l l  n o t  be 
achieved. I n  Okinawa h i g h  ambien t  a i r  e n t h a l p i e s  
and loose  b u i l d i n g s  combined t o  provide  r e l a t i v e l y  
h igh  l o a d s  a  l a r g e  f r a c t i o n  of t he  time. F i n a l l y ,  
n o i s e  from b e l t s  and expand ing /con t r ac t ing  duc t -  
work might  a l s o  be o b j e c t i o n a b l e  i n  many types  of 
spaces.  In  Okinawa t h i s  was n o t  t h e  case. 
I n  a d d i t i o n  t o  t h e s e  des ign  c o n s i d e r a t i o n s  
t h e r e  a r e  a  number of equipment  concerns  which 
might  be l e g i t i m a t e l y  r a i s e d .  I t  is common know- 
ledge  t h a t  s t a r t i n g  and s t o p p i n g  a  motor w i l l  
d e c r e a s e  i t s  expected  l i f e .  NEMA has  r e c e n t l y  
pub l i shed  g u i d e s  f o r  d u t y  c y c l i n g  l i m i t a t i o n s  
on motors  of v a r i o u s  s i z e s  and d u t i e s  (4). The 
number of s t a r t s  and s t o p s  t h a t  migh t  be expected  
wi th  t hese  methods of c o n t r o l  appea r  to  be w i t h i n  
t he  a c c e p t a b l e  l i m i t s  f o r  a l l  of t h e  c a s e s  exam- 
ined. F o r t u n a t e l y  i t  i s  found t h a t  t he  t o t a l  
t ime  r e q u i r e d  f o r  t h e  sys tem t o  p u l l  the  room 
t empera tu re  down p l u s  t h e  t ime  r equ i r ed  f o r  t h e  
room t o  f l o a t  back up t o  t he  cut -on p o i n t  i s  
r e l a t i v e l y  c o n s t a n t  and i n s e n s i t i v e  t o  load.  I t  
i s  a l s o  wor th  n o t i n g  t h a t  t h e  p r e s e n t  wor th  o f  
expected  s a v i n g s  would g r e a t l y  outweigh any r e a -  
sonab le  a s sumpt ions  a s  t o  c o s t s  f o r  premature  
motor f a i l u r e .  While l e s s  d e f i n i t i v e  i n f o r m a t i o n  
e x i s t s  f o r  t he  e f f e c t  on b e l t  and p u l l e y  l i f e ,  
t he  c o s t  of r ep l acemen t  f o r  t h e s e  i t e m s  i n s u r e  
t h a t  t he  s a v i n g s  w i l l  a g a i n  overwhelm any reason-  
a b l e  v a l u e s  t h a t  one migh t  assume. The f i r s t  y e a r  
s av ings  f o r  a  t y p i c a l  10 hp motor i n  Okinawa ( w i t h  
$O.lO/kwh e l e c t r i c i t y )  is  approx ima te ly  $10001 
year.  The p r e s e n t  wor th  of t h i s  i s  on the  o r d e r  
of $14,000 w h i l e  t h e  r ep l acemen t  c o s t  f o r  a  10 , 
hp motor  might  be app rox ima te ly  $400. 
I n  t h e  e v e n t  t h a t  t h e  space  i n  q u e s t i o n  i s  
such t h a t  f a n  c y c l i n g  i s  n o t  p o s s i b l e ,  some form 
of modu la t ing  c o n t r o l  w i l l  be r equ i r ed .  Only 
t h o s e  methods having a t  t h e i r  base  a  f a c e  and 
bypass  concep t  (e.g., mu l t i zone ,  d u a l  d u c t ,  e tc . )  
w i l l  d e l i v e r  t h e  r i g h t  t ype  of s e n s i b l e  h e a t  r a t i o  
and supp ly  a i r  t empera tu re  a t  p a r t  load condi-  
t i o n s .  The combinat ion  v a r i a b l e  a i r  volume and 
f a c e  and bypass  desc r ibed  e a r l i e r  and shown i n  
F i g u r e  8  seems t o  m e r i t  f u r t h e r  i n v e s t i g a t i o n  and 
migh t  be a  way to  a c h i e v e  the  f a n  s a v i n g s  of VAV 
w h i l e  meet ing  t h e  p a r t i c u l a r  r e q u i r e m e n t s  of t he  
h igh  humid i ty  environment.  
PROBLEMS ASSOCIATED WITH SYSTEM SHUTDOWN 
When t h e  equipment  c o n d i t i o n i n g  a  space  is 
s h u t  down t h e r e  i s  t h e  p o t e n t i a l  f o r  m o i s t u r e  to  
condense on w a l l s ,  f l o o r s  and o t h e r  s u r f a c e s  i n  
t h e  space.  When t h e  equipment  i s  turned o f f ,  t he  
dew p o i n t  i n  t h e  space  i m m e d i a t e l y  beg ins  t o  r i s e .  
A t  t h e  same t ime  t h e  s u r f a c e  t e m p e r a t u r e  of a l l  
o b j e c t s  i n  t h e  space  beg ins  t o  r i s e  and w i l l  t end 
t o  f o l l o w  the  room d r y  bulb.  The q u e s t i o n  i s  sim- 
p l y  whe the r  t h e  dew p o i n t  w i l l  i n c r e a s e  enough 
f a s t e r  t o  g e t  s i g n i f i c a n t l y  ahead of t he  s u r f a c e  
t empera tu re s .  I f  i t  does ,  condense t i o n  w i l l  occur .  
T h i s  phenonomon was r e p o r t e d  b u t  n o t  observed i n  
Okinawa. ( I t  was, however,  a c t u a l l y  observed i n  
t h e  c o u r s e  of a  s i m i l a r  p r o j e c t  i n  J a c k s o n v i l l e ,  
F l o r i d a  .) 
F i g u r e  15 shows t h e  i n c r e a s e  of room dew 
p o i n t  i f  one assumes a  s i m p l e  no c a p a c i t a n c e  d i l u -  
t i o n  mass ba l ance  on t h e  room's  m o i s t u r e  c o n t e n t .  
The room i s  assumed t o  s t a r t  a t  78-OF and 60% r e -  
l a t i v e  humid i ty  and t h e  i n f i l t r a t i n g  ambien t  a i r  
i s  assumed to  remain  c o n s t a n t  a t  a  t y p i c a l  Okinawa 
August 5  P.M. value .  I n  f a c t ,  t h e  room dew p o i n t  
w i l l  n o t  i n c r e a s e  t h i s  f a s t .  Kusuda and Miki  have 
accounted  f o r  t h e  c a p a c i t a n c e  and m o i s t u r e  abso rp -  
t i o n / r e l e a s e  r a t e s  of room f u r n i s h i n g s  i n  a  t y p i -  
c a l  r e s i d e n c e  and have shown t h a t  t h e  e f f e c t  can  
b e a r  s i g n i f i c a n t l y  on t h e  room's dew p o i n t  (5). 
The q u e s t i o n  of s u r f a c e  t empera tu re  is  even 
more compl ica ted .  Most room f i n i s h e s  and f u r n i s h -  
i n g s  a r e  compos i t e  m a t e r i a l s .  The problem i s  t o  
p r e d i c t  t h e  s u r f a c e  t e m p e r a t u r e  a s  t h e  room d r y  
bu lb  i n c r e a s e s .  T h i s  can  be q u i t e  d i f f i c u l t .  (The 
a u t h o r  h a s  n o t  a t t e m p t e d  to  d e a l  w i t h  t h i s  q u a n t i -  
t a t i v e l y .  ) 
Some g e n e r a l  q u a l i t a t i v e  comments can ,  how- 
e v e r ,  be made: 
1. By keep ing  the  room d r y  bu lb  a s  h i g h  a s  
p o s s i b l e  t h e  s u r f a c e  t e m p e r a t u r e s  of o b j e c t s  i n  
t he  room can be  s t a r t e d  a t  a  s a f e  va lue .  The 
a m b i e n t  dew p o i n t  a t  5  P.M. on an  August day i n  
Okinawa i s  n o t  l i k e l y  to  exceed 76 OF. I f  t h e  
room t empera tu re  is ma in t a ined  a t  78-OF no prob- 
l ems  can occur .  (The c a s e  which was observed i n  
J a c k s o n v i l l e  was one where t he  c h i l l e d  w a t e r  tem- 
p e r a t u r e  had been r a i s e d  and t h e  occupan t s  had 
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responded t o  t h e i r  discom f o r t  by ma in ta in ing  
68-OF t o  70-OF i n  t h e  space . )  
2. Room i n t e r i o r  f i n i s h e s  and f u r n i s h i n g s  
should ,  t o  the  e x t e n t  p o s s i b l e ,  be chosen f o r  low 
thermal  capac i t ance  and poor thermal  conduc t iv i ty .  
Th i s  w i l l  have the  e f f e c t  of i n su r ing  t h a t  s u r f a c e  
t empera tu re  w i l l  r i s e  r a p i d l y  a s  the  room warms 
up. (Unfor tunate ly  one g e n e r a l l y  f i n d s  pa in ted  
masonry w a l l s  and a  c o n c r e t e  s l a b  f l o o r  i n  Navy 
bui ld ings .  A good s e l e c t i o n  i n  an  o f f i c e  b u i l d i n g  
might  be c a r p e t  on t h e  f l o o r  wi th  g r a s s  c l o t h  o r  
v i n y l  w a l l  covering.) 
3. I n t e r i o r  p a r t i t i o n  w a l l s  and f l o o r s  a r e  
more s u s c e p t i b l e  to  problems than e x t e r i o r  wa l l s .  
E x t e r i o r  w a l l s  a r e  (and con t inue  to  be) warmed by 
t r ansmiss ion  loads.  I n t e r i o r  p a r t i t i o n s  a r e  
cooled on bo th  s i d e s  and c o n t a i n  no s t o r e d  heat .  
4. A s  can be s e e n  from Figure  15, t he  r a t e  
a t  which the  dew p o i n t  i n c r e a s e s  i s  s t r o n g l y  in -  
f luenced by i n f i l t r a t i o n .  Th i s  c o n s t i t u t e s  ano the r  
reason f o r  making t h e  b u i l d i n g  a s  t i g h t  a s  poss i -  
b l e .  
PROBLEMS ASSOCIATED WITH STARTUP AFTER A PERIOD 
OF SHUTDOWN 
During a  per iod of shutdown the  cond i t ions  
of t h e  a i r  i n  the  space  w i l l  approach those  of 
t he  ambient  a i r .  A t  t h e  t ime  of s t a r t u p  the  a i r  
i n  the  room w i l l  be s i m i l a r  to the  ambient  a i r  
sometime e a r l i e r .  As sugges ted  by Kusuda and Miki,  
t he  moi s tu re  s t o r a g e  proper  t i e s  of t he  ma t e r i a  1s  
i n  the  space  w i l l  tend t o  moderate any swings  of 
humidity (5 ) .  For t h i s  reason the  room dew p o i n t  
w i l l  n o t  be a s  h igh  a s  one might  p r e d i c t  u s ing  a  
no capac i t ance  model. (This  even sugges t s  the  
advantage of having a  l a r g e  moi s tu re  s t o r a g e  ca- 
p a b i l i t y  i n  the  room's f u r n i s h i n g s  and i n t e r i o r  
f i n i s h ,  a s  w i t h  c a r p e t  and c e r t a i n  c e i l i n g  mate- 
r i a l s . )  In  Okinawa a  t y p i c a l  s t a r t u p  room condi- 
t i o n  was found t o  be 80/77 i0F/OF). When t h i s  
warm, moi s t  a i r  i s  p u t  i n t o  a  cold  c o i l  t he  r e s u l t -  
i n g  s u p p l y  a i r  w i l l  o f t e n  be 15-OF t o  25-OF be low 
the  room's dew point .  As an example i f  80/77 room 
a i r  is p u t  i n t o  the  c o i l  supply  a i r  w i l l  be d i s -  
c h a r g e d  a t  60.6/60.4. T h i s  i s  15.4 OF below t h e  
dew p o i n t  of 7 t0  F. A l l  of t he  d i s c u s s i o n  i n  Sec- 
t i o n  I1 abou t  i n d u c t i o n  of room a i r  is a p p l i c a b l e  
and t h e r e  i s  an  e x c e l l e n t  chance t h a t  condensat ion 
w i l l  occcur  around t h e  supply  a i r  d i f f u s e r s .  
I n  Okinawa the  r e sponse  was t o  d i s c o n t i n u e  
unoccupied shutdown. As a  r e s u l t  a  major sav ings  
oppor tun i ty  was f o r f e i t e d .  Some method had t o  be 
found t o  overcome t h i s  problem. 
The key t o  any s o l u t i o n  is t o  r a i s e  the  sup- 
p l y  a i r  t empera tu re  w i t h o u t  g i v i n g  away the  c o i l ' s  
l a t e n t  capac i ty .  The e a r l i e r  d i s c u s s i o n  of the  
v a r i o u s  methods of c a p a c i t y  c o n t r o l  sugges t s  a  
p o s s i b l e  s o l u t i o n  t o  t h e  problem. Only t h e  f a c e  
and bypass gave e l e v a t e d  supply  a i r  t empera tu res  
wi thou t  i n c r e a s i n g  the  s e n s i b l e  h e a t  r a t i o .  For 
the  example s t a t e d ,  bypass ing  50% of t h e  a i r  w i l l  
g i v e  s u p p l y  a i r  c o n d i t i o n s  o f  66.6/65.1 f0F!OF). 
The s u p p l y  a i r  has  been b rough t  to  w i t h i n  9.4 OF 
of  t h e  room's dew p o i n t  w h i l e  t h e  s e n s i b l e  h e a t  
r a t i o  h a s  gone  f rom 0.34 t o  0.35. I f  75X o f  t h e  
a i r  i s  bypassed the  supply  a i r  w i l l  be 71.8/69.6 
<OF/OF) and t h e  s e n s i b l e  h e a t  r a t i o  w i l l  be 0.37. 
The supp ly  i s  w i t h i n  4.2-OF of the  room's dew 
po in t .  By making t h i s  f i e l d  a d j u s t a b l e  one can 
ba lance  recovery t ime a g a i n s t  d i s c h a r g e  a i r  tem- 
p e r a t u r e  t o  f i n d  a  workable s e t t i n g .  
The recommendation f o r  " s o f t  s t a r t u p "  of 
c h i l l e d  wa te r  sys t ems  was t h a t  f a c e  and bypass 
dampers be placed i n  some s e t  p o s i t i o n  d u r i n g  the  
s t a r t u p  per iod.  (Both the  p o s i t i o n  and the  t i m e  
pe r iod  a r e  to  be f i e l d  ad jus t ab le . )  With DX sys-  
tems the  recommendation i s  t o  i n s t a l l  h o r i z o n t a l l y  
s p l i t  c o i l s  w i th  s e p a r a t e  r e f r i g e r a t i o n  c i r c u i t s  
and ho ld  one of the  r e f r i g e r a n t  l i n e  s o l e n o i d  
v a l v e s  c losed  dur ing the  s t a r t u p  period. (The 
s t a r t u p  pe r iod  can s t i l l  be f i e l d  a d j u s t a b l e  b u t  
t h e  s p l i t  is, of  course ,  fixed.) I n  many c a s e s  
t h e  a i r  hand l ing  u n i t s  a l r e a d y  have s p l i t  c o i l s  
and on ly  a  c o n t r o l  m o d i f i c a t i o n  i s  required.  In  
t h i s  f a s h i o n  i t  w i l l  be p o s s i b l e  f o r  the  Navy t o  
begin  r e a l i z i n g  the  b e n e f i t s  of  unoccupied shu t -  
down i n  Okinawa. 
SUMMARY 
Of t h e  myriad of problems which can occur  
when one a t t e m p t s  t o  a i r  c o n d i t i o n  b u i l d i n g s  i n  
a h igh  humid i ty  environment ,  t h i s  paper  examines  
t h r e e :  
1. Condensation on d i f f u s e r s  d u r i n g  norma l  
ope ra  t i o n .  
2. Condensation on w a l l s ,  f l o o r s  and f u r -  
n i s h i n g s  d u r i n g  shutdown. 
3. Condensation on d i f f u s e r s .  du r ing  s t a r t u p  
a f t e r  a  shutdown period. 
The i n f o r m a t i o n  p resen ted  i n  t h e  paper  is the  
r e s u l t  of  work conducted under a  c o n t r a c t  w i t h  the  
Naval F a c i l i t i e s  Engineer ing Command i n  which the  
o b j e c t i v e  was to  e v a l u a t e  and make recommenda t i o n s  
f o r  improving t h e  performance and ene rgy  e f f i c i e n -  
cy of the  a i r  c o n d i t i o n i n g  equipment  s e r v i n g  ap- 
p rox ima te ly  100 of the  l a r g e s t  b u i l d i n g s  a t  USMC 
Camp Smedley D. Bu t l e r ,  Okinawa, Japan. Okinawa, 
having an ex t r eme ly  humid c l i m a t e ,  o f f e r e d  t h e  
o p p o r t u n i t y  to  observe  f i r s t  hand most of t he  
problems a s s o c i a t e d  w i t h  h igh  humid i ty  a i r  con- 
d i  t i o n i n g .  
The second of the  t h r e e  problems mentioned 
( condensa t ion  d u r i n g  shutdown) was n o t  found t o  be 
a  major  problem i n  Okinawa. I n  g e n e r a l ,  i t  can 
be avoided i f  only  minor p r e c a u t i o n s  a r e  taken. 
With r e s p e c t  t o  the  f i r s t  problem mentioned 
(condensat ion dur ing  normal o p e r a t i o n ) ,  i t  was 
found t h a t  some e r r o r s  i n  des ign  and o p e r a t i o n  
were  r e p e a t e d l y  observed. The r e s u l t s  were  con- 
s i s t e n t l y  poor comfor t  c o n d i t i o n s  i n  the  space  
and s i g n i f i c a n t  p rope r ty  damage i n  a  number of 
i n s t ances .  I t  was f u r t h e r  d i scove red  t h a t  no 
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q u a n t i t a t i v e  g u i d e l i n e s  a r e  a v a i l a b l e  t o  a s s i s t  
t he  eng inee r  i n  making some ve ry  i m p o r t a n t  des ign  
d e c i s i o n s .  I n  p a r t i c u l a r  i t  was observed t h a t  
most of t h e  methods o f  c a p a c i t y  c o n t r o l  no rma l ly  
used a r e  i n a p p r o p r i a t e  i n  t he  h igh  humidi ty  en- 
vironment.  More s p e c i f i c a l l y  most methods were 
found t o  f a i l  i n  m a i n t a i n i n g  c o n t r o l  of room hu- 
m i d i t y  a n d / o r  e x p e r i e n c e  condensa t ion  problems 
under t h e  most l i k e l y  p a r t  l oad  cond i t i ons .  Of 
t h e  methods of modula t ing  c o n t r o l  u s u a l l y  encoun- 
t e r e d ,  o n l y  f a c e  and bypass  dampers ( w i t h  an un- 
c o n t r o l l e d  c o i l )  performed s a t i s f a c t o r i l y  i n  both  
r e s p e c t s .  C h i l l e d  w a t e r  v a l v e  and v a r i a b l e  a i r  
volume f a i l e d  miserably .  
The common p r a c t i c e  of c y c l i n g  DX c o i l s  w i t h  
r e f r i g e r a n t  l i n e  s o l e n o i d  v a l v e s  wh i l e  a l l o w i n g  
the  f an  t o  run c o n t i n u o u s l y  was found t o  f a i l  i n  
both  r e s p e c t s .  
Where c o n d i t i o n s  would p e r m i t ,  i t  was sug- 
ges  ted  t h a t  both  c h i l l e d  wa te r  and DX u n i t s  be  
c o n t r o l l e d  by f a n  cyc l ing .  I n  t he  c h i l l e d  w a t e r  
c a s e  t he  c o i l  r ema ins  f u l l y  a c t i v a t e d  and t h e  a i r  
hand l ing  u n i t  f a n  is c y c l e d  on and o f f  by t h e  room 
the rmos ta t .  I n  t h e  DX c a s e  bo th  t h e  s o l e n o i d  v a l v e  
and the  f an  a r e  cyc l ed  by t h e  room the rmos ta t .  A 
s i g n i f i c a n t  s a v i n g s  i n  energy expense and an i m -  
provement i n  room c o m f o r t  c o n d i t i o n s  w i l l  r e s u l t  
from the  imp lemen ta t ion  of t h e s e  recommendations. 
The f i n a l  problem ment ioned ( condensa t ion  a t  
s t a r t u p  a f t e r  shutdown) was a l s o  found t o  be  of 
major  s i g n i f i c a n c e  in  Okinawa. I n  many c a s e s  
shutdown of equipment  d u r i n g  unoccupied pe r iods  
had been d i s c o n t i n u e d  because  t h e  occupants  had 
expe r i enced  condensa t ion  a t  t h e  t i m e  of s t a r t u p .  
Con t ro l  s t r a t e g i e s  were  developed t o  a l l o w  a  " s o f t  
s t a r t u p "  of t h e  equipment  and reduce  the  chance of 
mo i s tu re  problems. Through t h i s ,  shutdown w i l l  
a g a i n  become p o s s i b l e  i n  Okinawa. 
Repor t s  have been s u b m i t t e d  t o  t h e  Navy on 
t h e  work d e s c r i b e d  i n  t h i s  paper.  When funded 
t h e  recommendations of t h i s  s t u d y  w i l l  produce an 
annual  s av ings  of app rox ima te ly  $2.1 m i l l i o n f y e a r  
w i t h  an  inves tmen t  of a p p r o x i m a t e l y  $4.8 m i l l i o n .  
The bulk  o f  t h e s e  s a v i n g s  i s  t h e  r e s u l t  o f  t h e  
two i t e m s  which a r e  t h e  p r i m a r y  concern  o f  t h i s  
paper;  improved c a p a c i t y  c o n t r o l  and shutdown 
du r ing  unoccupied p e r i o d s .  
There  a r e  many q u e s t i o n s  r a i s e d  by the  work 
o f  t h i s  c o n t r a c t .  Some o f  t h e  more i m p o r t a n t  
i t e m s  r e q u i r i n g  f u r t h e r  i n v e s t i g a t i o n  inc lude :  
1. A n a l y t i c a l  and e x p e r i m e n t a l  work needs 
t o  be done w i t h  r ega rd  t o  t he  i nduc t ion  of room 
a i r  i n  t h e  v i c i n i t y  o f  a  s u p p l y  a i r  d i f f u s e r  w i t h  
emphasis  on t h e  tendency f o r  condensa t ion  on c o o l  
su r round ing  s u r f  a c e s .  
3. The i s s u e  of s o f t  s t a r t u p  s t r a t e g i e s  r e -  
q u i r e s  c o n s i d e r a b l e  a d d i t i o n a l  i n v e s t i g a t i o n .  
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